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The Apatite Forming Ability of Micro- and Nanocomposites of
α-Tricalcium Phosphate/Poly (D,L-lactide-co-glycolide)
Bioresorbable composites consist of micro- and nano-sized -tricalcium phosphate (-TCP) particles in a poly(D,L-lactic-co-glycolic acid) (PLGA) matrix were compared for their ability for form bone-like apatite in simulated body fluid (SBF). Due to the uniform distribution of -TCP nanoparticles over the nanocomposite surface, enhanced apatite formation was observed. Compared with microcomposite with the same -TCP load, this enhanced apatite formation was achieved through faster and more uniform apatite nucleation. In the first stage of apatite formation, the presence of abundant high energy boundaries between α-TCP nanoparticles and PLGA matrix in nanocomposite provided a large number of suitable sites for calcium phosphate (CaP) nucleation. A homogeneous distribution of CaP nuclei formed after 5 days.  The resulting apatite crystals grew to form a flake-like apatite layer. In contrast, CaP nucleation was only observed on the micrometre-size α-TCP particles in the microcomposite over the same period. After 14 days, a dense flake-like apatite was visible covering the surface of nanocomposite, whilst this surface layer was formed only on α-TCP particles of the microcomposite.











Led by the inspiration of natural bone, nanocomposites containing nanoscale calcium phosphates have been developed to improve the biological, degradation and other properties of bone analogues composites [1-3]. In conjunction with the aim of encouraging the natural healing of bone, bioresorbable nanocomposites are designed to temporarily support the cellular activities during application. When an implanted bioactive material is in contact with living bone, an apatite layer may be precipitated at the bone/biomaterials interface by the combined effects of cells and materials properties [4, 5]. This apatite layer then provides a scaffold for bone-forming osteoblast [6]. 
Although in-vivo experiments most accurately reflect the cellular environment around a implant in clinical application, an alternative in-vitro method using simulated body fluid (SBF) provides a simple and cheap method to rank the bioactivity of a given set of samples [7,8]. In order to access the apatite forming ability of an α-TCP/PLGA nanocomposite to predict bioactivity, a comparison of apatite formation in SBF has been undertaken on both micro- and nanocomposites. 
Materials and Methods
Preparation of α-TCP/PLGA Nanocomposites
Briefly, a nanocomposite of 30 wt% α-TCP in PLGA7525 was fabricated by a modified solvent evaporation method [9]. After hot pressing at 150 ℃, the nanocomposite sheet was cut into 8 by 8 mm squares with thickness of 1 mm. Microcomposite and pure PLGA samples were also prepared by the same solvent-based process but without milling. Pure α-TCP discs with a diameter of 9 mm and thickness of 2 mm were prepared by sintering pressed, as-dried α-TCP precursor at 1300℃ for 4 h. All sample groups had similar surface area in order to be compared directly for their apatite forming ability.
Apatite Forming Ability Study
Simulated body fluid (SBF) solution with an ion composition that closely resembles human blood plasma was prepared according to the formulation described by Kokubo and Takadama [10]. To study the in-vitro bioactivity of the synthesised nanocomposite, each sample group was immersed in 2 ml of SBF solution and maintained at 37 ºC without replenishment. At time intervals of 1, 5, 8, 14 and 21 days, samples were removed from the solution, rinsed in deionised water and dried at room temperature for subsequent characterisation. The SBF solutions from all samples were kept for subsequent elemental analysis. Three duplicates were used for each time point; and pure PLGA and α-TCP were used as controls.
Ion Concentration of SBF Solution
The changes in ion concentration in the SBF solutions with prolonged specimen immersion time were measured using a Varian Liberty Series II inductively coupled plasma–optical emission spectroscopy (ICP-OES). The reserved SBF solutions were diluted in high purity water to the measurable range of testing equipment. Ion concentrations of calcium (Ca2+) and phosphorus (P5+) were detected for each sample group. Three sample solutions were tested for each group at each time point.
Surface Morphology
At different time intervals, the formation of apatite on the surface of nanocomposites was evaluated using a JEOL 6340F Field Emission Gun Scanning Electron Microscopy (FEGSEM) operating at 5 kV. Dried samples were coated with a thin layer of palladium (Pd).
Compositional Analysis
After the formation of surface apatite layer, Energy Dispersive X-ray Spectroscopy (EDS) was used to determine the composition of newly formed apatite at an accelerating voltage of 10 kV.
Phase Composition
The changes in the phase composition of the surface of the nanocomposite were characterised using a Siemens D500 X-ray Diffractometer with a thin film attachment (TF-XRD). Spectra were taken at 40 kV and 40 mA using Cu Kα (λ = 0.15404 nm) radiation with 0.1 receiving slits at a glancing angle of 1°. Samples were scanned over a 2θ range of 10 to 40°, with a step size of 0.04◦ and a dwell time of 10 s. Any changes in the phases were identified by comparison with standard patterns supplied by the international centre for diffraction data (ICDD).
Results and Discussion
Ion Concentration of SBF Solution 
The Ca2+ and P5+ ion concentrations in the SBF solution from different sample groups are shown in Figure 1a and 1b. Both Ca2+ and P5+ ion concentrations remained approximately constant in the PLGA control group up to 14 days of immersion, while a small decrease in ion concentration (Ca2+: 4.2 % and P5+: 2.2 %) was detected after 21 days. In comparison with PLGA, pure α-TCP samples showed a continuous decrease in both Ca2+ and P5+ ion concentrations. The decrease in ion concentration was noted to be 29.3 % of Ca2+, and 47.1 % of P5+ after 14 days. These numbers remained statistically unchanged after 21 days immersion. 
Both Ca2+ and P5+ ion concentrations decreased more significantly for the  nanocomposite samples (Figure 1a and 1b). A decrease of 27.6 % of Ca2+ and 39.3 % of P5+ were detected after only 5 days immersion in SBF solution. These numbers reduced at a slower rate to 31.6 % and 52.1 % by day 14, and continued to drop significantly to 38.9 % and 66.8 % until 21 days of immersion.
The ion concentration change in the microcomposite solution followed a similar trend to that observed for the nanocomposite for an immersion period of 14 days. A decrease of 34.6 % of Ca2+ and 44.9 % of P5+ were detected by day 14. However, after 14 days, no significant decreases in both ion concentrations were observed.
During the formation of bone-like apatite two important stages are involved in the mechanism. First, nucleation takes place on the sample surface by forming amorphous CaP nuclei. Once the nucleation sites are present on the material surface, continuous consumption of Ca2+ and P5+ ions will take place to form the apatite layer [11, 12]. Therefore, the rapid decrease in Ca2+ and P5+ ion concentration at day 5 in the composite groups indicates that there was more rapid nucleation on these samples than on the  α-TCP and PLGA groups. With the same weight percentage of α-TCP in both micro- and nanocomposite, nucleation took place over a similar time-scale. However, at day 21 the concentration of Ca2+ and P5+ ions for the nanocomposite was lower than all other groups, suggesting that a denser apatite layer was formed on its surface.
Surface Morphology
The surface morphology of the nanocomposite (n30) before immersion in SBF solution is illustrated in Figure 2a. Uniformly distributed α-TCP nanoparticles were found on the nanocomposite surface without any agglomeration. After 1 day of immersion, a number of small CaP nuclei (confirmed by EDS spot analysis) were observed all over the sample surface (Figure 2b). The number of these CaP nuclei increased significantly after 5 days of immersion. In Figure 2c, these CaP nuclei can be seen covering most of the sample surface. At higher magnification, these CaP nuclei were found to be spherical in shape with an average diameter of 70nm, which is similar to α-TCP nanoparticles found on the sample surface. After 8 days, a mixture of needle-like and flake-like calcium phosphate precipitates was found all over the sample surface (Figure 2d). At higher magnification, the flake-like were formed by parallel arrangement of several needle-like crystal building blocks. These needle-like crystals continued to transform into a flake-like morphology. By day 14, a surface layer of dense flake-like crystals had formed (Figure 2e) and the proportion of needle-like crystals had reduced significantly. Beyond day 14, continued growth of the apatite layer was observed but with the same surface morphology on nanocomposite.
In Figure 4, the apatite formation on the microcomposite is illustrated. A range of micrometre-size α-TCP particles with different particle size emerged on microcomposite sample (m30) before immersing in SBF solution (Figure 3a). After 1 day of immersion, a small number of CaP nuclei were found on the surface of micrometre-size α-TCP particles (Figure 3b). The number and morphology of these CaP nuclei changed upon further immersion to 5 days. In Figure 3c, larger number of needle-like crystals was observed on the micrometre-size α-TCP particles. These needle-like crystals had similar in the shape to those found on nanocomposite on day 8 (Figure 3d). With increasing immersion time, these needle-like crystals developed into a flake-like morphology and covered the whole micrometre-sized α-TCP particle. Beyond this time point, a surface layer of flake-like apatite was formed on α-TCP particles (Figure 3e).
In comparison with a microcomposite with the same composition, a significant difference was noticed on nanocomposite at the nucleation stage. While the nuclei were formed uniformly on the nanocomposite, these CaP nuclei were only observed on micrometre-size α-TCP particles in the microcomposite (m30). A similar phenomenon was also reported on HA-reinforced polyetheretherketone microcomposites [13]. Apatite nucleation was found only on the surface of HA while the subsequent apatite growth was proved to be proportional to the volume fraction of HA. In another study, enhanced apatite nucleation on an HA coating with a nanocrystalline structure was reported [14]. In this report, the nanocrystalline apatite structure on heat-treated Si-HA coating favoured the nucleation of apatite CaP crystallites by increasing the grain boundary area.
This also appears to be true in n30. The abundant high energy boundaries between α-TCP nanoparticles and PLGA matrix provided sufficient sites for the apatite nucleation. As a result, uniformly distributed CaP nuclei were formed on the nanocomposite surface. This high energy boundary theory is supported by the apatite nucleation on the pure α-TCP. After 5 days of immersion, CaP crystallites are found gathering along the high energy grain boundaries of pure α-TCP. After the nucleation, these CaP crystallites grew to a rod-like morphology. Rather than the parallel arrangement of needle-like apatite crystals in n30, rod-like apatite crystals on pure α-TCP formed a porous CaP network (Figure 4b) on day 8 for subsequent apatite growth. This apatite growth mechanism may also apply to the microcomposite, randomly distributed needle-like apatite crystals were also found on micrometre-size α-TCP particles after 5 days of immersion (Figure 3c). However due to the faster apatite growth rate on m30 the formation of this CaP network may has occurred between days 5 and 8.
In the control groups, apatite formation is found to be different between pure α-TCP and PLGA. After 5 days of immersion the α-TCP discs(Figure 4a), displayed increasing amounts of rod-like apatite accumulating at the high energy boundaries of α-TCP. Similar to apatite formation on α-TCP reported in other solutions [15]. On day 8, these rod-like apatite crystals were linked to each other to form a porous network of apatite (Figure 4b). This apatite network grew upon immersion time and formed a continuous layer of flake-like apatite on α-TCP surface by 14 days of immersion (Figure 4c). Similar apatite morphology has also been reported in HA/TCP and HA/α-TCP/β-TCP ceramic composites after soaking in SBF and distilled water [16].
In contrast, the formation of CaP nuclei on pure PLGA was found to occur much more slowly and in much smaller numbers even after 5 days immersion in SBF (Figure 5a). On day 8, a small number of CaP nuclei were found to assemble together forming CaP islands that were randomly scattered on the PLGA surface (Figure 5b). These CaP islands further developed with increasing immersion time. After 14 days of immersion, the size of these islands grew to about 2 to 6 μm scattering on the PLGA surface (Figure 5c). The morphology of these CaP crystals are similar to that has been found on PLGA (70:30) [17].
Compositional Analysis of Surface Apatite Layer
The composition of the nanocomposites before and after 14 days of immersion in SBF solution was examined by EDS analysis. Before the formation of apatite layer, an intense carbon peak was observed in the spectrum representing the PLGA matrix in the nanocomposite. A large amount of calcium and phosphorus attributable to α-TCP nanoparticles were also found (Figure 6a). After 14 days of immersion in SBF, the surface of nanocomposite was covered by a dense layer of apatite indicated by the intensive peaks of calcium and phosphorus (Figure 6b). At the same time, incorporation of sodium (Na+) and magnesium (Mg2+) ions were also observed. Carbonate substitution is also possible as the peak of carbon element remained in the apatite layer. Further immersion of samples to 21 days increased the thickness of this apatite layer without resulting in other morphological changes.
Phase Composition of Surface Apatite Layer
In Figure 7, the changes in the phase composition of n30 upon immersion in SBF are shown. Before immersion, the TF-XRD spectrum of n30 presents the broad peak of PLGA centred at low 2θ value (about 20 °) with highly crystallised diffraction peaks from α-TCP at higher 2θ value. 
Upon immersion in SBF, the intensities of diffraction peaks of (043), (170), (132), (241), (202) belonging to α-TCP reduced significantly after 5 days. Other peaks at lower 2θ value merged with the broad peak of PLGA. At the same time, peaks of (002), (211), (112), (300) belonging to HA appeared with increasing intensities. The change of the α-TCP phase to HA continued with prolonged immersion. While peaks belonging to α-TCP became less intense and more difficult to identify, the characteristic peaks of HA became dominant. When the surface of n30 was covered by the apatite layer after 21 days of immersion, the spectrum of a poorly crystalline HA was identified. With almost no trace of α-TCP, this amorphous phase possessed the same characteristic peaks of HA but with broader peak widths and lower intensities compared with those of highly crystallised HA (JCPDS: 09-432).
Conclusions
In this study, the bioactivity of micro- and nanocomposites of α-TCP/PLGA was compared using SBF solution. A uniform, ion-substituted and carbonate-containing apatite layer was formed on the nanocomposite. Characteristic apatite formation stages were also revealed for the nanocomposite providing evidence for its enhanced apatite forming ability over microcomposite. Compared with microcomposite, enhanced apatite formation was achieved through faster and more uniform apatite nucleation. In the first stage of apatite formation, the presence of abundant high energy boundaries between α-TCP nanoparticles and PLGA matrix in nanocomposite provided a large number of suitable sites for CaP nucleation. These homogeneously distributed CaP nuclei consequently facilitated the growth of apatite crystals to form flake-like precipitates. Due to the slow degradation rate of α-TCP/PLGA composites, there appeared to be relatively little influence of α-TCP dissolution on Ca2+ and PO43+ ion concentrations. In comparison with pure PLGA and pure α-TCP, different surface chemistry and morphology of α-TCP/PLGA composite are believed to benefit the apatite formation by providing more favourable surface function groups and more high energy nucleation sites. The results appear to suggest that the surface of nanocomposite, provides a promising surface for the initial stages of bone-bonding. 

Data for this paper will be available on the University of Cambridge Apollo Open Data Repository at www.XXX (​http:​/​​/​www.XXX​) (final site details be added in proof)

Acknowledgements
Dr Zhijie Yang acknowledges support from Cambridge Overseas Trust (UK).
References
1.	Pina S, Oliveira JM, Reis RL 2015, Natural-Based Nanocomposites for Bone Tissue Engineering and Regenerative Medicine: A Review, Advanced Materials 27, 1143-1169.2.	Yang Z, Best SM, Cameron RE 2009, The Influence of a-Tricalcium Phosphate Nanoparticles and Microparticles on the Degradation of Poly(D,L-lactide-co-glycolide), Advanced Materials 21, 3900–3904.3.	Bennett SM, Arumugam M, Wilberforce S, Enea D, Rushton N, Zhang XC, Best SM, Cameron RE, Brooks RA 2016, The effect of particle size on the in vivo degradation of poly(D,L-lactide-co-glycolide)/α-tricalcium phosphate micro- and nanocomposites, Acta Biomaterialia 45, 340–348.4.	Hench LL, Paschall HA 1973, Direct chemical bond of bioactive glass-ceramic materials to bone and muscle, Journal of Biomedical Materials Research 7, 25-42.5.	Jarcho M, Kay JF, Gumaer KI, Doremus RH, Drobeck HP 1977, Tisuue, cellular and subcellular events at a bone-ceramic interface, Journal of Bioengineering 1, 79-92.6.	Neo M, Nakamura T, Ohtsuki C, Kokubo T, Yamamuro T 1993. Apatite formation on three kinds of bioactive material at an early stage in vivo: a comparative study by transmission electron microscopy, Journal of Biomedical Materials Research Part A 27, 999–1006.7.	Ogino M, Ohuchi F, Hench LL 1980, Compositional dependence of the formation of calcium phosphate films on bioglass, Journal of Biomedical Materials Research 14, 55–64.8.	Zadpoor AA 2014, Relationship between in vitro apatite-forming ability measured using simulated body fluid and in vivo bioactivity of biomaterials, Materials Science and Engineering C 35, 134–143.9.	Yang Z, Thian ES, Best SM, Cameron RE, Key Eng. Mater. 2007, 330,511.10.	Kokubo T, Takadama H 2006, How useful is SBF in predicting in vivo bone bioactivity? Biomaterials 27, 2907-2915.11.	Juhasz JA, Best SM, Bonfield W, Kawashita M, Miyata N, Kokubo T, Nakamura T 2003, Apatite-forming ability of glass-ceramic apatite-vollastonite-polyethylene composites: effect of filler content, Journal of Materials Science: Materials in Medicine 14, 489-495.12.	Kim HM, Himeno T, Kawashita M, Kokubo T, Nakamura T 2004, The mechanism of biomineralization of bone-like apatite on synthetic hydroxyapatite: an in vitro assessment, Journal of Royal Soceity Interface 1, 17–22.13.	Yu S, Hariram KP, Kumar R, Cheang P, Aik KK 2005, In vitro apatite formation and its growth kinetics on hydroxyapatite/polyetheretherketone biocomposites, Biomaterials 26, 2343–2352. 14.	Thian ES, Li X, Huang J, Edirisinghe MJ, Bonfield W, Best SM 2011, Electrospray deposition of nanohydroxyapatite coatings: A strategy to mimic bone apatite mineral, Thin Solid Films 519, 2328-2331.15.	Lee JTY, Leng Y, Chow KL, Ren FZ, Ge X, Wang K, Lu Z 2011, Cell culture medium as an alternative to conventional simulated body fluid, Acta Biomaterialia 7, 2615-2622.16.	Lin FH, Liao CJ, Chen KS, Sun JS, Lin CP 2001, Petal-like apatite formed on the surface of tricalcium phosphate ceramic after soaking in distilled water, Biomaterials 22, 2981-2992. 17.	Qu X, Cui W, Yang F, Min C, Shen H, Bei J, Wang S 2007, The effect of oxygen plasma pretreatment and incubation in modified simulated body fluids on the formation of bone-like apatite on poly(lactide-co-glycolide) (70/30), Biomaterials 28, 9–18. 
2.	Yang Z, Best SM, Cameron RE 2009, The Influence of a-Tricalcium Phosphate Nanoparticles and Microparticles on the Degradation of Poly(D,L-lactide-co-glycolide), Advanced Materials 21, 3900–3904.
3.	Bennett SM, Arumugam M, Wilberforce S, Enea D, Rushton N, Zhang XC, Best SM, Cameron RE, Brooks RA 2016, The effect of particle size on the in vivo degradation of poly(D,L-lactide-co-glycolide)/α-tricalcium phosphate micro- and nanocomposites, Acta Biomaterialia 45, 340–348.
4.	Hench LL, Paschall HA 1973, Direct chemical bond of bioactive glass-ceramic materials to bone and muscle, Journal of Biomedical Materials Research 7, 25-42.
5.	Jarcho M, Kay JF, Gumaer KI, Doremus RH, Drobeck HP 1977, Tisuue, cellular and subcellular events at a bone-ceramic interface, Journal of Bioengineering 1, 79-92.
6.	Neo M, Nakamura T, Ohtsuki C, Kokubo T, Yamamuro T 1993. Apatite formation on three kinds of bioactive material at an early stage in vivo: a comparative study by transmission electron microscopy, Journal of Biomedical Materials Research Part A 27, 999–1006.
7.	Ogino M, Ohuchi F, Hench LL 1980, Compositional dependence of the formation of calcium phosphate films on bioglass, Journal of Biomedical Materials Research 14, 55–64.
8.	Zadpoor AA 2014, Relationship between in vitro apatite-forming ability measured using simulated body fluid and in vivo bioactivity of biomaterials, Materials Science and Engineering C 35, 134–143.
9.	Yang Z, Thian ES, Best SM, Cameron RE, Key Eng. Mater. 2007, 330,511.
10.	Kokubo T, Takadama H 2006, How useful is SBF in predicting in vivo bone bioactivity? Biomaterials 27, 2907-2915.
11.	Juhasz JA, Best SM, Bonfield W, Kawashita M, Miyata N, Kokubo T, Nakamura T 2003, Apatite-forming ability of glass-ceramic apatite-vollastonite-polyethylene composites: effect of filler content, Journal of Materials Science: Materials in Medicine 14, 489-495.
12.	Kim HM, Himeno T, Kawashita M, Kokubo T, Nakamura T 2004, The mechanism of biomineralization of bone-like apatite on synthetic hydroxyapatite: an in vitro assessment, Journal of Royal Soceity Interface 1, 17–22.
13.	Yu S, Hariram KP, Kumar R, Cheang P, Aik KK 2005, In vitro apatite formation and its growth kinetics on hydroxyapatite/polyetheretherketone biocomposites, Biomaterials 26, 2343–2352. 
14.	Thian ES, Li X, Huang J, Edirisinghe MJ, Bonfield W, Best SM 2011, Electrospray deposition of nanohydroxyapatite coatings: A strategy to mimic bone apatite mineral, Thin Solid Films 519, 2328-2331.
15.	Lee JTY, Leng Y, Chow KL, Ren FZ, Ge X, Wang K, Lu Z 2011, Cell culture medium as an alternative to conventional simulated body fluid, Acta Biomaterialia 7, 2615-2622.
16.	Lin FH, Liao CJ, Chen KS, Sun JS, Lin CP 2001, Petal-like apatite formed on the surface of tricalcium phosphate ceramic after soaking in distilled water, Biomaterials 22, 2981-2992. 




Figure 1	Change of (a) calcium and (b) phosphorus ion concentration in SBF solution.
Figure 2	SEM micrographs of surface morphology of (a) n30 before immersion in SBF and immersed for (b) 1 day, (c) 5 days, (d) 8 days and (e) 14 days
Figure 3	SEM micrographs of surface morphology of (a) m30 and m30 immersed in SBF for (b) 1 day, (c) 5 days, (d) 8 days and (e) 14 days
Figure 4	SEM micrographs of surface morphology of α-TCP immersed in SBF for (a) 5 days, (b) 8 days and (c) 14 days
Figure 5	SEM micrographs of surface morphology of PLGA immersed in SBF for (a) 5 day, (b) 8 days and (c) 14 days
Figure 6	EDS spectra of (a) n30 and (b) apatite layer on n30 on Day 14



























Figure 6	EDS spectra of (a) n30 and (b) apatite layer on n30 on Day 14
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